Plants have the potential to produce a wide array of secondary metabolites that have utility as drugs to treat human diseases. To tap this potential, functional human nuclear receptors have been expressed in plants to create in planta screening assays as a tool to discover natural product ligands. Assays have been designed and validated using 3 nuclear receptors: the estrogen receptor (ER), the androgen receptor (AR), and the heterodimeric retinoid X receptor-α plus thyroid hormone receptorβ (RXRA/THRB). Nuclear receptor-reporter constructs have been expressed in plants to detect the presence of natural ligands that are produced de novo in several plant species during different stages of development, in various tissues, and in response to different stress elicitors. Screening experiments with ER, AR, and RXRA/THRB have been conducted, leading to the identification of plant sources of natural product ligands of human nuclear receptors. This in planta screen has led to the identification of previously unreported ER ligands, providing evidence of the complementary value of this approach to current in vitro high-throughput screening assays. (Journal of Biomolecular Screening 2007:385-395) Journal of Biomolecular Screening 12(3); 2007 www.sbsonline.org 387 FIG . 1. In planta screening using nuclear receptors. (A) Diagrammatic representations of constructs for estrogen receptor (ER), androgen receptor (AR), and retinoic acid X/thyroid hormone β (RXRA/THRB) receptors. The relevant portions of the T-DNA constructs that are bound within the right border (RB) and left border (LB) regions are shown (see the "Materials and Methods" section). Constitutive promoter refers to the cauliflower mosaic virus 35S promoter. The activation domains of ER and THRB were replaced with the viral VP16 activator domain (VP). A proprietary promoter drives the expression of the selection marker gene conferring Finale ® resistance. The corresponding receptor cis-elements ERE (for ER), ARE (for AR), and RXRE (for RXRA/THRB) are placed upstream of the coding region of either the reporter gene Luciferase (Luc) or the green fluorescent protein (GFP).
INTRODUCTION
M ANY PLANT NATURAL PRODUCTS and the plants that produce them possess preventive and curative properties for human diseases. 1 The knowledge of these properties has led to the development of numerous pharmaceutical products derived from plants. The analgesics morphine and codeine, the anticancer drug Taxol ® , and the antimalarial drug artemisinin are all prepared by extraction of plant materials. Some of these plantderived natural products have been determined to act via their interaction with human receptors associated with disease states. For example, morphine and codeine from opium poppy interact with opiate receptors in the central nervous system. 2 Isoflavones in soybean interact with estrogen receptors, leading to preventive effects ranging from breast and ovarian cancer to cardiovascular disease. 3 The plant sterol guggulsterone isolated from Commiphora mukul (guggul tree) is known to lower cholesterol because of its antagonism of the farnesoid X receptor. 4 In the past 20 years, approximately one-quarter of the drugs approved by the U.S. Food and Drug Administration have been derived from plants. 5 Despite these successes over the past decades, it is believed that the potential of plants as a source of drugs and lead compounds has not been fully realized using traditional screening methods. Discovery of such molecules traditionally involves screening of collections of plant materials from the wild with very little attention paid to the developmental stage of the plant, the environmental conditions under which the plant was growing, or other factors that are well known to alter the chemical composition of plant species. The diversity and number of natural products produced by a plant are known to vary as a function of development and tissue types and environmental and stress conditions 6 (see also supplementary Fig. S1 ). Therefore, for natural products screening, traditional libraries capture only a fraction of the total chemical diversity of any 1 plant species.
In this article, we describe an in planta screening platform that addresses this limitation by providing an assay system that detects receptor ligands produced at any time in the plant's development, at any place in the plant's tissues, or under any environmental or stress condition. Integral to the concept of in planta screening is the application of a relatively robust but easily detected reporter signal in the presence of a druggable target (e.g., disease-associated receptors). The signal can be used like a beacon to indicate that a plant is producing a natural product ligand. To demonstrate the technical feasibility and applicability of 1 Ceres, Inc., Thousand Oaks, California. 2 Current address: NCE Sciences, Union City, California. the in planta screening concept, we used as tools the human nuclear receptors (NRs), which can be functionally expressed in plants in recombinant forms. 7 Many NRs are associated with disease states, and therefore ligands of these NRs have the potential for development as therapeutic drugs. 8 Androgen receptor (AR), estrogen receptor (ER), and thyroid hormone receptor-β (THRB) have been implicated in the establishment of prostate cancer, 9 breast cancer, 10 and hyperthyroidism and metabolic disorders, 11 respectively. Hence, for our technical demonstration, we selected AR and ER as examples of NRs that function as homodimers 12 and THRB in combination with retinoid X receptor-α (RXRA) as an example that functions as a heterodimer. 13 Plant biologists have previously used recombinant forms of human NRs to create inducible expression systems as tools for studying gene function. In this system, a plant cell is transformed with a construct bearing 2 components: 1) a gene of interest under the control of a promoter bearing the proper hormoneresponsive element (HRE) and 2) a functional recombinant form of the corresponding NR protein. Exogenous application of the appropriate ligand then binds the NR, which is translocated to the nucleus and interacts with the HRE, thereby initiating transcription of the gene of interest. This has been successfully demonstrated in Arabidopsis thaliana using glucocorticoid receptor or ER chimeric constructs. 7, 14 These examples indicate that some of the mechanistic details by which NRs function in mammalian systems 15 may also be functional in plants. In the design of the in planta screening assay described in this article, we have exploited this fact that human NRs can be functionally expressed in plants and demonstrated that they can then be used to detect the de novo production of NR ligands in several plant species. The exogenous application of known ligands has been used as a means of confirming that the NRs were functionally expressed and validating the in planta screening system.
The results presented here demonstrate that transient expression of human NRs in planta can provide a means of detecting if potential ligands are being produced by a particular plant species. Furthermore, the in planta screening platform has been used to provide evidence that the California poppy produces benzophenanthridine alkaloids that serve as ligands to the ER.
MATERIALS AND METHODS

NR-reporter vector construction
Human NR cDNA clones for AR, RXRA, and THRB were purchased from OriGene Technology (Rockville, MD). The estrogen receptor β (ER) cDNA was cloned using human mammary mRNA obtained from Invitrogen (San Diego, California). The DNA sequences for ER, AR, RXRA, and THRB correspond to what is reported in the Genbank with the following accession numbers: M12674, NM_000044, NM_002957, and NM_000461, respectively. Figure 1A . Initial recipient T-DNA plasmids were prepared by placing the full coding sequence of an NR upstream of the constitutive cauliflower mosaic virus CaMV35S promoter (35S) already placed in the T-DNA vector NB42-35S (unpublished data). For AR, the following primers were used to amplify its coding sequence (hereafter, all DNA sequences are written in 5′ to 3′ orientation): CCTGTTGAACTCTTCTGAGCAAGAGAAG and GGGAAATAGGGTTTCCAATGCTTCA. For RXRA, the following primers were used: GCATGAGTTAGTCGCAGACATG-GACA and CAGAACGGGTGGGCACAAAGGAT. In the case of ER and THRB, the native activation domains were replaced by the VP16 activation domain from herpes simplex virus. 16 To do this, we amplified the coding region of interest with appropriate primers, ligated the PCR fragment to an intermediate vector containing the VP16-fragment, and cloned the recombinant VP16-receptor chimeric fragment into the T-DNA vector.
Diagrams of the T-DNA constructs are shown in
Cassette fragments containing the appropriate receptorresponsive elements ligated upstream of the coding region of a reporter gene (either Luciferase or green fluorescent protein [GFP]) were prepared. The cassette fragments were then ligated into the corresponding NR recipient T-DNA plasmids. For the ER-containing construct, the responsive elements consisted of 5 tandem repeats of ER elements (CAGGTCAGGGTGACCTG) 17 appropriately spaced from one another. For the AR-containing construct, the responsive elements consisted of 3 appropriately spaced tandem repeats of AR elements (ARE; GGTACACAGTGTTCT). 18 Also, a DNA fragment with the sequence GAATATATATATATTCGTC-GAGTAGCTGAATATATATATATTC was inserted upstream of the ARE repeats to function as an insulator. For the RXRA/ THRB-containing construct, the responsive elements consisted of 3 appropriately spaced tandem repeats of RXR elements (AGGTCACAGGTCA). 19 All experimental and control constructs were transferred into Agrobacterium strain EHA105. The resulting Agrobacterium clones were used for stable transformation of Arabidopsis and tobacco and for transient in planta screening of different species. Standard protocols for stable transformation of Arabidopsis 20 and tobacco 21 were followed with some minor modifications.
Cross-ligand functional assay
Functional testing of the NR constructs was achieved by investigating their specific reactivity to exogenous ligands known to bind to a particular receptor. The ligands used were dihydrotestosterone (DHT; active against AR) 22 ; 3,3′,5-triiodo-L-thyronine (T3; active against THR-β) 23 ; β-estradiol and 4hydroxytamoxifern (ES and 4-OHT; active against ER) 24 ; ciglitazone (CGZ; active against PPAR-γ) 25 ; 9-cis-retinoic acid (9RA; active against RXR-α) 26 ; and 13-cis-retinoic acid (13RA; active against RAR-β). 27 All ligands were purchased from Sigma-Aldrich (St. Louis, MO) and were dissolved in DMSO at appropriate stock solutions.
The functional testing was done using progeny seedlings generated from stably transformed Arabidopsis or transiently transformed wild-type tobacco leaf discs. For Arabidopsis, individual sets of stably transformed seeds were germinated on plates with Murashige and Skoog solid media (0.7% PhytoAgar, pH 5.7) containing 5 µM of each ligand individually added to the medium just prior to solidification. Seedlings were allowed to grow for 2 weeks before analysis. For tobacco, individual batches of transiently transformed leaf discs (see the "Materials and Methods" section) were briefly rinsed in the different ligand solutions and transferred onto Petri dishes lined with paper towel wet with the corresponding ligand solution at 5 µM each. Prior to analysis, the leaf discs were incubated for at least 2 days in a growth chamber that was maintained at 22 °C with a 16 h/8 h (light/dark) cycle.
Agrobacterium preparation and transient transformation
Agrobacterium cultures were grown overnight in YEB liquid medium containing the appropriate selection at 28 °C in an incubator-shaker. Agrobacterium cells were centrifuged at 4000 rpm for 15 min, and the resulting bacterial pellet was resuspended in infiltration medium (MS solution supplemented with 0.25 µg/ml naphthalene acetic acid and 0.1 µg/ml benzylaminopurine, pH 5.7). The final density of the Agrobacterium suspension was about 0.05 OD. Leaf discs and other organ tissues were briefly immersed in the infiltration medium and then transferred to a separate plate containing the diluted Agrobacterium suspension. After a 5-min incubation, the leaf discs were blot dried onto paper towels and then transferred to a Petri dish lined with paper towel sufficiently wet with infiltration medium. The leaf discs were incubated for 4 days in growth chamber (27 °C; 16-h light cycle) prior to analysis. The following control constructs were used in the assay: 35S-Luc as a positive control (a construct containing the Luciferase coding region driven by the 35S promoter) and 35S-GFP as a negative control (a construct containing the GFP coding region driven by the 35S promoter). Leaf discs not treated with Agrobacterium served as reference control.
Detection of luciferase activity and GFP signal
Luminescence from luciferase activity. After incubation, leaf discs were transferred into a separate plate with a thin layer of solidified 0.5% agarose and sprayed with 10 µM luciferin (in 0.01% Triton X 100). Bright field and luminescence images at proper exposure time were taken using the NightOwl © CCD imaging system (Berthold Technology, Germany). The CCD images were scanned using the WinLight32 software associated with the CCD imaging system to quantify and qualitatively compare the luciferase signals from different species transiently transformed with a particular NR-reporter construct.
Fluorescence signal from GFP. Arabidopsis seedlings that are transgenic to or plant tissue samples transiently transformed with a GFP-containing construct were observed under a dissecting microscope (Carl Zeiss, Oberkochen, Germany) equipped with an appropriate ultraviolet (UV) light beam with an excitation wavelength of 460 to 490 nm.
Liquid chromatography-mass spectrometry fractionation of California poppy callus extract
Callus tissues from California poppy (Eschscholtzia californica) were collected, immediately frozen in liquid nitrogen, and stored at -80 °C prior to freeze drying. Lyophilized tissue (250 mg) was extracted by homogenization in an appropriate volume of methanol/chloroform (7:3) for 2 h with sonication followed by overnight shaking at 28 °C. The homogenate was centrifuged for 5 min at 13,000 rpm, and the clear supernatant was collected. The solvent was removed from the supernatant using a Savant speed vacuum concentrator. The resulting dried pellet was reconstituted in approximately 500 µl of methanol. The crude extract was analyzed by liquid chromatography-mass spectrometry (LC-MS) using a Micromass ZMD mass spectrometer and a Waters 2795 HPLC. The reconstituted extract (200 µl) was separated by reversed-phase chromatography (Alltima C 18 , 150 × 10 mm, 5 µm) using a gradient mobile phase ramping from 20% to 95% acetonitrile in 0.1% formic acid over 55 min at a flow rate of 4.7 ml/min. Fractions were collected every minute (4.7 ml/fraction), dried under vacuum, and resuspended in 100 µl of DMSO/fraction prior to in vitro assay. The mass and UV spectra for peaks at 6.14 and 38.33 min obtained from the LC-MS chromatogram (Fig. 2) were similar to those of benzophenanthridine alkaloids related to sanguinarine. The peak at 47.94 min possessed no UV chromophore, and a 1 H-NMR spectra of <100 µg of material isolated indicated the structure to be a phytosterol or triterpenoid conjugated to an unsaturated fatty acid. Complete structure elucidation of these peaks was not achieved because of the lack of material.
In vitro ER assay
An aliquot of 2 µl from each fraction was used in the in vitro ER assay using the reagents in the HitHunter™ kit purchased from DiscoveRx (Fremont, CA) and a recombinant ER protein purchased from Invitrogen following the recommended procedures by the manufacturers. Triplicate reactions for each fraction were done, and the resulting fluorescence readouts from the reactions were measured using a Tecan microplate reader purchased from Phenix Research Products (Hayward, CA).
Stress treatments
Elicitor treatments. Arabidopsis or tobacco plants stably transformed with NR constructs were sprayed with sufficient volume of solutions of yeast extract (BD Biosciences, San Jose, CA), methyl jasmonate (MeJA; Sigma-Aldrich), or hydrogen peroxide (H 2 O 2 ; Sigma-Aldrich). Yeast extract was dissolved at 400 µg/ml concentration using 1X MS solution (pH 5.7) as solvent. H 2 O 2 was purchased at 30% solution. A stock solution of MeJA was prepared at 200 mM using DMSO as solvent. H 2 O 2 and MeJA were diluted with 1X MS solution (pH 5.7) to obtain 10-mM and 100-µM concentrations, respectively. Tissue samples from the treated plants were obtained after 4 days of exposure to detect the signals from the reporter gene.
Ozone stress treatment. Arabidopsis or tobacco plants stably transformed with NR constructs were exposed to ozone at 300 ppm for 6 h inside a closed growth chamber set at 22 °C in the presence of light and connected to an ozone generator (Pacific Ozone Technology, Benicia, CA). Sample tissues were collected from the treated plants to detect the signals from the reporter gene.
Plant culture, plant materials, and maintenance
California poppy callus culture was generated, maintained, and transformed using the procedure published by Park and Facchini. 28 Plants of the following species were maintained in a greenhouse set at 28 
RESULTS
Development of in planta screening protocol
NR chimera constructs were created to constitutively produce NR and to incorporate the corresponding receptor-binding element linked to a reporter gene in plants in a context intended to mimic that in mammalian systems. This design provides the constitutive expression of the NR protein, which is then available to accept plant-produced ligands and subsequently interact with the receptor-binding element, thus driving the expression of the reporter gene to indicate that an NR ligand has been detected. Diagrams of the NR constructs are shown in Figure  1A and are described in the "Materials and Methods" section. In some cases for the ER and THRB, we substituted their activation domains with the VP16 activation domain from herpes simplex virus, 16 which has been demonstrated to optimize transgene expression in plants. 7, 14 GFP or luciferase (Luc) was incorporated into the NR constructs to provide a visual reporter of ligand-binding activity. Luc was used more often in our protocol development because of its higher sensitivity of detection.
The functional activity and selectivity of the constructs (referred hereafter as ER-GFP, ER-Luc, AR-Luc, RXRA/THRB-Luc; see Fig. 1A ) were validated by testing against a panel of Leaf discs from plant species of interest (see the "Materials and Methods" section) were infected with an Agrobacterium clone containing an NR construct. The site of infection is on the wounded edges of the leaf discs. Hence, the luciferase activity, as captured by a CCD imaging system, is localized on the edges. In this illustration, transiently expressed heterodimeric retinoid X receptor-α plus thyroid hormone receptor-β (RXRA/THRB) was primarily reacting to exogenously applied 3,3′,5-triiodo-L-thyronine ligand. (B) Representative CCD images from the in planta screening using the RXRA/THRB construct against leaf discs from different species without exogenous ligands being applied (see the "Materials and Methods" section). Bright-field images are shown to indicate the physical location of the leaf discs. The luminescence images were equally adjusted to show the relative intensity of the luciferase activity from different species (see Table 1 for species abbreviations). A qualitative comparison of luciferase signals was performed (see the "Materials and Methods" section) and is summarized in Table 1. known NR ligands. ES, 4-OHT, CGZ, DHT, 9RA, 13RA, and T3 were exogenously applied in a cross-ligand analysis using Arabidopsis and tobacco lines stably expressing the NR constructs. Plant lines that were transgenic to the ER-GFP transgene (see the "Materials and Methods" section) responded only to βestradiol and 4-hydroxytamoxifen, 2 well-known agonists of the ER receptor 24 (Fig. 1B) . Similarly, the Arabidopsis line bearing the ER-Luc transgene responded in the same manner (Fig. 1C) .
The Arabidopsis lines containing the AR-Luc transgene primarily responded to the known AR ligand dihydrotestosterone, 22 and lines bearing the RXRA/THRB-Luc transgene primarily responded to the known thyroid hormone receptor ligand T3 (Fig. 1D) . 23 We repeated the cross-ligand analysis using leaf discs from the transgenic tobacco lines containing the same NR constructs used above, and the results were similar to those in Arabidopsis (data not shown). Overall, the results of this cross-ligand analysis validated that the NR constructs were functioning in Arabidopsis and tobacco plants by recognizing ligands with a specificity similar to what others have shown. 7, 14 In addition, the absence of background signal prior to the application of exogenous NR ligand indicates that Arabidopsis and tobacco leaves and roots do not produce any substantially active ligands that recognize any of the 3 receptors under normal growth conditions.
In planta screening
We envisioned that for the in planta screening system to be applied broadly to many plant species, the NR constructs should be introduced into plant cells via rapid methods demanding only transient expression. To develop this approach, we used the NR-Luc constructs to transiently transform leaf discs from wild-type Arabidopsis or tobacco plants ( Fig. 2A) following Agrobacteriummediated infiltration protocols that have been established in other plant species. 29 After allowing several days for infection, the Agrobacterium-treated leaf discs were treated with the NR ligands (see the "Materials and Methods" section). Typical results of this analysis are shown in Figure 2A . They indicate that the 3 NR-Luc constructs were adequately expressed and were able to recognize the exogenously applied ligands with a specificity similar to what we observed in stable transformants made via regeneration of plants from transformed cells. Therefore, we used the same transient expression protocol for our in planta screening system for the other plant species described below.
Several medicinal plant species with known pharmacological activity were selected and examined for the presence of ligands via the transient expression in planta screen of the NRs. Using leaf discs from these plant species, we performed transient transformations using Agrobacterium clones that contained the NR-Luc constructs similar to the procedure diagrammed in Figure 2A . As a positive control to demonstrate the efficiency of the transient transformation protocol in each species, we included a batch of leaf discs that were transformed with a construct, in which the Luciferase reporter gene was driven by a constitutive promoter, CaMV35S. In addition, to confirm the expression of functional NR-Luc in each species, we also included a batch of leaf discs that were transformed with the NR-Luc construct and then treated with the corresponding known ligands (see the "Materials and Methods" section). These 2 sets of controls demonstrated that transformation of the leaf discs and expression of the NRs in the species used were sufficient (data not shown). Typical results obtained for the transient in planta screen assays without exogenously applied ligands are shown in Figure 2B and are summarized in Table 1 . For each NR construct, there were differences in the luciferase activities (an indication of NR ligand binding) between the different species. For example, the RXRA/THRB activity in 1 of the cultivars of Oenothera odorata was much greater than what was observed in Prunella vulgaris, where there was essentially no activity for the same NR construct. In addition, the activity observed in 1 of the cultivars of Echinacea purpurea was particularly specific for AR and not for ER or RXRA/THRB ( Table  1 ). In the same manner, the activity observed in Atropa bellandonna was particularly specific for RXRA/THRB. Collectively, these results most likely reflect the differences in the concentration and/or affinity of natural product NR ligands present in the plant species tested. The range in the magnitude of the luciferase signals and the unique profiles of each NR against this panel of plant species indicate that potential ligands with specificity against individual receptors are present.
Identification of ER ligands from California poppy
One of the plant species that was tested using the ER-GFP construct was California poppy (E. californica). Transiently transformed callus generated from root explant exhibited a GFP-positive signal without exposure to exogenously applied ligand (Fig. 3A) , indicating that endogenous ER ligand(s) were present in the callus tissues. We attempted to isolate the ER ligand(s) by high-performance liquid chromatography (HPLC) fractionation of the methanol extract derived from callus (Fig. 3B) . Aliquots of each HPLC fraction were tested in an ER in vitro assay (see the "Materials and Methods" section), revealing 3 major fractions with ER activity (Fig. 3C) . These fractions corresponded to peaks with retention times of 6.14 min (fraction 1), 37.42 and 38.33 min (fraction 2), and 47.94 min (fraction 3). Based on the LC-MS analysis, the compound eluting at 6.14 min was dihydrosanguinarine (structure 1 in Fig. 4) , and the compounds eluting at 37.42 and 38.33 min were derivatives of dihydrosanguinarine (data not shown). The peak from fraction 3 was unique from the other peaks, and preliminary structural analysis indicated the compound is a phytosterol or triterpene ester of an unsaturated fatty acid (data not shown). We are in the process of confirming these preliminary results by further structural analysis. Nevertheless, to our knowledge, none of these compounds have been reported to bind to the ER.
Stress-induced production of potential ligands to NRs
Production of secondary metabolites is frequently induced by environmental factors or elicited by stress conditions 6 (see also supplementary Fig. S2) . Such induction provides the means to increase the diversity of phytochemicals produced by any one plant species studied. To test the possibility that phytochemicals induced by stress conditions may be ligands to NRs, we used the Arabidopsis and tobacco lines stably transformed with the NR constructs and exposed them to different conditions intended to mimic oxidative, pathogen, and other forms of biotic and abiotic stresses (see the "Materials and Methods" section). The results revealed that Arabidopsis and tobacco indeed respond to stress by altering their chemical composition and that some of these new components bind to NRs (Fig. 5) . Arabidopsis lines transgenic to the ER-Luc construct did not detect any ER ligands produced in response to any of the stresses (Fig. 5A) , but Arabidopsis lines transgenic to the AR-Luc construct exhibited luminescence signals in response to the oxidative stress ( Fig. 5B) . Similar results were obtained for tobacco lines transgenic to the same AR-Luc construct (data not shown), indicating that both Arabidopsis and tobacco produce AR ligands in response to oxidative stress (see also supplementary Fig. S3 ). Tobacco lines transgenic to RXRA/THRB produced luminescence signals in response to yeast extract (a mimic for pathogen attack) 30 and to the oxidative stress ( Fig. 5C ), suggesting that these stresses induce the production of RXRA and/or THRB ligands. Taken together, these results indicate that some forms of elicitation can lead to the production of natural products that may serve as ligands to NRs.
DISCUSSION
The biological diversity of the more than 250,000 plant species estimated to exist worldwide is known to produce an enormous chemical diversity that may include nearly 1,000,000 phytochemicals that have potential for the discovery and development of new medicines. Within any one plant species, the diversity of phytochemicals varies during plant development, in different plant tissues, and under different environmental and stress conditions. Only a fraction of these 250,000 plant species have been chemically investigated, and many of the species that have been studied have been sampled at only 1 time in their developmental cycle, using only 1 tissue, and/or under only 1 set of environmental conditions (those that coincidentally happened to exist at the time the researcher collected the plant). It is clear that an enormous amount of novel chemistry remains to be discovered from the species that have yet to be investigated and also from the more thorough investigation of different tissues, different time points, and different treatments of the plants that have been studied to date. These phytochemicals have a proven track record as useful drugs for humankind and will continue to prove so, and they will provide valuable tools for understanding pharmacologically relevant molecular targets and processes.
In this study, we have demonstrated an in planta screening technology that can be used to discover natural product ligands of human NRs from a wide array of plant species. Using constructs containing ER, AR, and RXRA/THRB as representative receptors, we show that taxonomically diverse plant species are able to transiently and stably express functional human receptors. The series of transient in planta assays in different plant species demonstrated the differential response of NR receptors to the components present in different plant species (Fig. 3) , highlighting the diversity of phytochemicals present in the limited number of plant species included in this study. These results reflect the often repeated dogma in natural products drug discovery that the chemical diversity assayed is directly related to the biological diversity represented.
Stable expression of NRs in plants has enabled the detection of constitutively produced ligands and the detection of ligands produced in response to conditions and elicitors mimicking biotic and abiotic stresses (as demonstrated by our results in Fig.  5 using the oxidative and pathogen elicitation forms of stress). The series of stable in planta assays in which plant species were subjected to conditions and elicitors mimicking biotic and abiotic stresses demonstrated that NR ligands can be produced by plants in response to stress (Fig. 5) . These results reflect the often quoted, but rarely demonstrated, ability of plants to induce production of ecologically and pharmacologically relevant components in response to external stresses. 31 For the phytochemicals that can be produced in the oxidative stress-induced Arabidopsis and tobacco (Fig. 5) , flavonoids are possible candidates because it has been known that production of this class of secondary metabolites and the transcription of genes associated with the flavonoids' biosynthetic pathway are induced by a number of FIG. 5. Exposure to elicitors or stress leads to the production of components that serve as ligands to nuclear receptors. (A) Leaf disc samples taken from Arabidopsis lines transgenic to estrogen receptor (ER), which were exposed to different forms of elicitors (see the "Materials and Methods" section). Estradiol control indicates that construct is functional. (B) Rosette leaves taken from Arabidopsis lines transgenic to androgen receptor (AR), which were exposed to ozone stress (see the "Materials and Methods" section). The presence of luciferase activity on the disc edges indicate ozoneinduced production of molecules that recognize AR. Corresponding nontreated controls are indicated. Some of the luminescence signals are highlighted by arrowheads. (C) Leaf discs (upper panel) and flowers (lower panel) taken from tobacco lines transgenic to retinoid X receptor-α plus thyroid hormone receptor-β (RXRA/THRB) construct, which were exposed to yeast extract and ozone stress, respectively. The presence of luciferase activity indicates yeast extract-and ozone-induced production of molecules that recognize THRB. Some of the luminescence signals are highlighted by arrowheads. stress/elicitors. 32 More interestingly, flavonoids are also known to be associated with AR 33 and THRB 34 to enhance the activities of these receptors. To our knowledge, this is the 1st report of benzophenanthridine alkaloids as ligands to the ER (Fig. 2) . The tentative identification of dihydrosanguinarine (structure 1 in Fig. 4 ) and related metabolites from California poppy (E. californica) as ligands of the ER is reasonable given the similar structures of other known ER ligands such as estradiol (structure 2 in Fig. 4 ) and the isoflavone genistein (structure 3 in Fig. 4) . All 3 structures possess a polycyclic structural scaffold with the rings arranged to present oxygens as hydrogen bond acceptors and sites for van der Waals interactions in essentially the same orientation at opposite ends of the molecule (Fig. 4) . Energy minimizations of these 3 structures using simple MM2 force field calculations reveal that the distance between the oxygen atoms known to be involved in ligand binding in estradiol is 10.9 Å, the distance between the oxygen atoms in genistein is 11.8 Å, and the distance between oxygen atoms in dihydrosanguinarine is 12.0 Å. Overlays of the energy minimized structures (supplementary Fig. S4 ) reveal the structural similarity and the conservation of many hydrogen bonding and van der Waals interactions, which have been identified as primary determinants of ligand binding in x-ray structures of co-crystallized ER-estradiol 35 and ER-genistein complexes. 36 Taken as a whole, the results presented herein highlight the applicability and value of the in planta screening technology. In planta screening represents a novel screening platform and offers new opportunities for drug discovery from plants by complementing existing in vitro technology in high-throughput screening. 37 Others have highlighted a similar concept to this technology, 38 and what we have presented here is a validation of this concept. Although in this article, the work is framed on leaf assays, similar transient expression assays could be achieved with flower, stem, or root tissues. We do not have estimates of its sensitivity, but it is appealing to believe that the ability to examine reporter activity in single cells, where the ligand is accessible to the reporter, implies that the approach is capable of detecting very low concentrations of ligands per plant. It is not necessarily as high throughput as automated analysis commonly used in pharmaceutical companies, and therefore it may appear to be less useful than assay of a very large number of samples. However, the special feature of this in planta approach is that it involves living tissues and, in addition to its sensitivity, assays molecules that could be lost during storage or drying of materials.
It is conceivable that this technology could be used on the living plants in the field as a directed prospecting tool to identify plant species, individuals, and/or individual tissues that are producing natural products that bind to desired receptor(s). In addition, in the era of plant genomics, in which plants can be genetically manipulated to alter their metabolic capacity and to easily produce designer secondary metabolites, in planta screening technology may be useful for testing the function of the new chemistry being created. In either of these approaches, in planta screening allows the screening target under evaluation to be exposed to the entire chemical diversity potential of the plant species under investigation, increasing the likelihood of detecting natural products of pharmacological value. We believe that the in planta screening technology can be adapted to other target receptors, for example, G protein-coupled receptors, a substantial number of which have yet to be deorphaned and therefore represent another class of important druggable targets aside from NRs.
